during the early stages of the oxidation, but the higher scale growth rate resulted in an increase in the area-specific electrical resistance over time. Due to their face-centered cubic crystal structure, both commercial and modified alloys demonstrated a coefficient of thermal expansion that was higher than that of typical anode-supported and electrolyte-supported SOFCs.
Introduction
Over the past several years, the steady reduction in SOFC operating temperatures to the intermediate range of 650~800 o C has made it feasible for lanthanum chromite to be supplanted by high temperature oxidation resistant alloys as the stack interconnect materials [1] [2] [3] .
Compared to doped lanthanum chromite, alloys potentially offer significantly lower raw material and fabrication costs. However, the SOFC operating conditions present significant challenges for alloy-based interconnects.
Among high temperature oxidation resistant alloys, commercially available bodycentered-cubic (BCC) ferritic stainless steels (FSS) are inexpensive and demonstrate good oxidation resistance and the ability to match the coefficient of thermal expansion (CTE) of adjacent cell/stack components. However, FSS may have issues in terms of long-term surface stability and electrical resistance arising from a relatively high scale growth rate, as well as low high temperature mechanical strength. In comparison, the face-centered-cubic (FCC) Ni-Cr or Ni-Fe-Cr based alloys (or superalloys in many cases) are generally much stronger and more oxidation resistant (i.e. lower scale growth rate) in the SOFC interconnect operating environment. However, the FCC Ni-based alloys with sufficient Cr to provide oxidation resistance exhibit a high CTE, typically in the range of 15.0~20.0×10 -6 .K -1 from room temperature to 800 o C, and are generally more expensive than the FSS. Although Ni-base alloy formulations (Ni-Cr-W-Mo) can be developed for lower CTE, the lower Cr level in the alloy results in insufficient oxidation resistance. Nevertheless, Ni-base alloys may find application as interconnect materials through the use of innovative SOFC stack and seal designs and/or novel interconnect structures. For example, recent proof-of-concept work has confirmed the potential viability of a cladding approach to fabricate a stable composite interconnect structure consisting of FCC Ni-base alloy claddings and a BCC ferritic stainless steel substrate [4] . Thus, identifying or developing a suitable Ni-base alloy can provide another option for SOFC developers in their efforts to design and fabricate stable metallic interconnects.
Recent investigations into FSS for interconnect applications indicated that the presence of
Mn in the ferritic composition helps improve the scale electrical conductivity and minimize the contact resistance of metallic interconnects. One example is Crofer22 APU, a FSS that was developed by Forschungszentrum Julich and commercialized by ThyssenKrupp VDM [5] . The addition of 0.5% Mn to the Fe-22%Cr ferritic base composition results in the growth of a unique scale on the alloy surface that is comprised of a (Mn,Cr) 3 O 4 spinel top layer and Cr 2 O 3 sub-layer.
The spinel top layer (with an electrical conductivity two orders of magnitude higher than that of Cr 2 O 3 ) results in improved scale conductivity and reduced contact resistance [5, 6] . A similar concept of alloy design can also be applied to the FCC Ni-base alloys, which provide more flexibility of alloying in comparison with the BCC structures. For example, in order to prevent a transformation from a ferritic structure to an austenitic structure, the Mn content of a ferritic structure must remain relatively low. To explore the effect of increased Mn content in FCC Nibase alloys, Haynes 230, a superalloy with superior oxidation resistance and high temperature mechanical strength, was selected as a baseline material to be modified by increasing the Mn content. The modified compositions were then systematically evaluated for:
i) scale growth and structure,
ii) oxidation behavior in air, hydrogen, and air/hydrogen dual atmospheres, iii) scale electrical conductivity, iv) thermal expansion.
Details of the alloy fabrication and the results of the aforementioned evaluations are reported and discussed in this report.
Alloy Compositions and Fabrication
Two alloys based on Haynes 230, but containing 1% and 2% Mn (designated M1 and M2, respectively), were fabricated by Haynes International, Inc. in Kokomo, Indiana. For each alloy, as schematically shown in Figure 1 , 50 lbs of elemental constituents were first melted in a vacuum induction furnace and then refined in an electroslag remelting furnace before being cast into an ingot. The alloy ingot was subsequently forged into a plate that was then hot and coldrolled and annealed repeatedly to a thickness of 40 mils (1.0 mm). The chemical compositions of the M1 and M2 as determined in the final product are given in Table I along with that of commercial Haynes230. It should be noted that cobalt was not intentionally added as an alloying element in the commercial Haynes230, but was introduced during commercial melting. In contrast, the new alloys were prepared with elemental metals which contained no cobalt.
Evaluation of Materials Properties

Scale Growth and Structure
To evaluate their oxidation resistance and analyze their scale structure, the alloys M1 and M2 were oxidized in moist air (air w/ ~3% H 2 O) at 800 o C for up to 1,000 hours. The oxidized samples were analyzed by XRD, and then cross-sectioned and analyzed by SEM. Figure 2 shows the XRD results on the M1 and M2 samples after oxidation in air for 100, 500, and 1,000
hours, indicating that the scales grown on the alloys were comprised of Cr grew to a thickness of ~1.5 and ~2.0 microns, respectively. Overall, these Ni-based alloys demonstrated better oxidation resistance than Crofer22 APU, which exhibited anomalous oxidation behavior, leading to a thick scale and localized attack involving formation of iron oxide nodules [8] .
Oxidation Behavior in Air, Hydrogen, and Dual Atmospheres
The dual atmosphere oxidation tests mentioned above were carried out in a specifically designed apparatus in which an alloy coupon sample was brazed to the end of a stainless steel tube. During the test, the sample was exposed simultaneously to moist air outside the tube and moist hydrogen inside the tube. For purposes of comparison, another alloy coupon was placed in the tube and exposed to moist hydrogen only, while another coupon was placed beneath the tube and exposed to moist air only during the test [7] [8] [9] . After completion of the test, the samples were subjected to surface XRD and cross-section SEM/EDS analyses. Figure 6 shows XRD patterns from the scales grown on the M1 samples during the 300 hours oxidation under different exposure conditions. It was found that the scales grown on the sample exposed to moist hydrogen only, and that on the hydrogen-side of the dual exposure sample, were mainly comprised of M 3 O 4 (M=Mn, Ni, Cr) spinel and Cr 2 O 3 . NiO was not observed, which is not surprising, since NiO is not stable in a moist hydrogen environment. In comparison, in addition to the spinel and chromia phases, NiO was observed in the scale grown on the sample that was exposed to moist air only, and also appeared to be present, but at a lower concentration, in the scale grown on the airside of the dual exposure sample. Thus the dual atmosphere exposure apparently inhibited NiO formation in the airside scale, presumably due to hydrogen diffusion through the alloy from the fuel side to the air side. It is possible that a hydrogen flux from the fuel side to the air side changed the local environment (to a less oxidizing state) at the air side, inhibiting the formation and growth of NiO, though the details regarding the interaction between hydrogen and the oxide scale are not clearly understood at this time. Further SEM/EDS analyses on the cross-sections (see Figure 7 (a) and (b), and Figure 8 (a) and (b)) revealed a difference in microstructure between the scale on the sample in air only and the scale on the air side of the dual exposure sample. Under the dual atmosphere exposure, the scale grown on the air side of the dual exposure sample appeared to be thinner, possibly due to the inhibited growth of NiO in the scale at the airside. Furthermore, no voids were observed along the boundary between the metal substrate and the airside scale, while voids were found at the boundary between the metal substrate and the scale grown in air only (Figure 7(a) ). Despite these structural differences, EDS analyses indicated both scales were comprised of a spinel-rich top layer and a chromia-rich sub-layer.
In comparison, no substantial difference was observed between the scale grown in hydrogen only and the one grown on the hydrogen side of the dual atmosphere sample, as shown in Figure   7 (c) and (d), respectively.
The anomalous oxidation behavior was also observed for M2 when tested under the dual exposure conditions. The oxidation behavior appeared to be very similar to that of M1; figure 9 shows the XRD patterns from the M2 samples.
Overall it can be concluded that the air side oxidation behavior of the modified Ni-Cr-W-Mn base alloys under dual atmosphere exposure differs from that of the alloys when exposed to air only. The difference in behavior can be attributed to hydrogen transport through the alloy from the fuel side to the air side and its subsequent presence at the air side, although the specific mechanisms which hinder NiO formation and prevent void formation at the scale/alloy interface are not presently understood.
Scale Electrical Conductivity
To function well as a bi-polar plate, the interconnect must offer a low resistance electrical path in order to minimize resistive losses within SOFC stacks. For oxidation resistant alloys, the electrical resistance is the sum of two parts, bulk resistance and scale resistance. Overall the modified alloys demonstrated a scale conductivity that was higher than that of many commercial compositions including traditional ferritic stainless steels, and comparable to that of the recently developed stainless steel Crofer22 APU.
Thermal Expansion
The thermal expansion mismatch of adjacent components in the SOFC stack gives rise to a thermal stress σ, which can be estimated by
, where Δα is the difference in coefficient of thermal expansion (CTE) between components such as the interconnects and the cells, ΔT is the change in temperature that the stack experiences, and E is the elastic modulus of the interconnects. To minimize the thermal stress and thus improve the stack's thermomechanical stability, it is desirable for the interconnect to have a CTE matching that of the cell (which is typically in the range of 10.5~12.5x10 -6 .K -1 , depending on whether the cell is electrolyte-or electrode-supported) and other adjacent components such as seals.
The linear CTE of the modified Ni-Cr-W-Mn base alloys was determined with a commercial dilatometer. The thermal expansion of M1 and M2 as a function of temperature is shown in Figure 11 along with that of Haynes230. As expected, given the similarity of their compositions, the three alloys had similar thermal expansion behavior. With a FCC matrix, the newly developed alloys and Haynes230 demonstrated a higher CTE than the BCC ferritic stainless steels, which typically have a CTE of 12.0~13.0x10 -6 K -1 . M2, with 2%Mn, exhibited a slightly higher average CTE (14.9x10 The formation of a spinel-rich top layer improved the scale conductivity, especially in the early stages of oxidation. However, the increased Mn content led to a higher scale growth rate and thus a higher rate of increase in ASR. With a FCC matrix, the Ni-Cr-W-Mn base alloys demonstrated a CTE that was higher than that of anode-supported or electrolyte-supported PENs.
The high CTE as well as high cost of Ni-based alloys can potentially be offset by integrating Nibase alloys as claddings into a composite interconnect structure with a ferritic stainless steel substrate. Figure 6 . XRD patterns of scales grown on M1 during oxidation at 800 o C for 300 hours: (a) at the hydrogen side of the sample that was exposed to air at the other side in comparison with that of the sample exposed to hydrogen only; (b) at the airside of the dual exposure sample in comparison with that of the sample exposed to air only. Figure 8 . SEM EDS linear scan across the cross-sections of (a) the sample that was exposed to air only and (b) the airside of the sample exposed to the dual atmospheres. Figure 9 . XRD patterns of scales grown on M2 during oxidation at 800 o C for 300 hours: (a) at the hydrogen side of the sample that was exposed to air at the other side in comparison with that of the sample exposed to hydrogen only; (b) at the airside of the dual exposure sample in comparison with that of the sample exposed to air only. As-cladded AL453 M1
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